In the modern society with a variety of information electronic devices, human interfaces increase their importance in a boundary of a human and a device. In general, the human is required to get used to the device. Even if the device is designed as a universal device or a high-usability device, the device is not suitable for all users. The usability of the device depends on the individual user. Therefore, personalized and customized human interfaces are effective for the user. To create customized interfaces, we propose rapid prototyping human interfaces using stretchable strain sensors. The human interfaces comprise parts formed by a threedimensional printer and the four strain sensors. The three-dimensional printer easily makes customized human interfaces. The outputs of the interface are calculated based on the sensor's lengths. Experiments evaluate three human interfaces: a sheet-shaped interface, a sliding lever interface, and a tilting lever interface. We confirm that the three human interfaces obtain input operations with a high accuracy.
Introduction
In the modern society with a variety of information electronic devices, human interfaces increase their importance in a boundary of a human and a device. In general, the human is required to get used to the device. Even if the device is designed as a universal device or a high-usability device, the device is not suitable for all users. The usability of the device depends on the individual user. Therefore, personalized and customized human interfaces are effective for the user. Recently, there are some papers with regard to personalized human interfaces. Kimura and Yamane used virtual product models to design human operational interfaces [1] . Ha et al. proposed a haptic prototyping system with a motoractuated dial knob [2] . Their approaches aimed at design of common and high-usability interfaces. Yau et al. evaluated input devices for cursor-positioning tasks [3] . Turpin et al. evaluated computer input devices for people with disabilities and reported needs of customized interfaces [4] . Savage et al.
proposed a system to assist designers creating human interface using a three-dimensional printer [5] . The customized interfaces improve working efficiency and help in using of devices for people with disability. To make the customized interfaces, technical foundations are being ready. One of the foundations is a three-dimensional printer (hereinafter referred to as "3D printer"). The 3D printer forms parts based on digital models and is effective for making parts of human interfaces. In addition, the cost of the 3D printer has gone down lately. Another of the technical foundations is a flexible sensor to obtain the motion of the parts.
Flexible and stretchable electronics have been developed. This technique applies elasticity to electronics. Developments advance from passive elements such as substrates, cables, and LEDs to functional elements such as actuators and sensors [6] [7] [8] [9] [10] . Application to various fields is considered using flexible and stretchable electronics, for example, production of an artificial muscle using electroactive macromolecule [11] , development of artificial skin for robots using a flexible sense of touch sensor [12] , and measurement of the human knee's angle [13] . Flexible and stretchable sensors have been reported. Lipomi et al. proposed a strain sensor using the carbon nanotubes' electrodes [14] . In addition, Sato et al. reported various gesture detection using the sensing technology which enabled gesture input by measuring capacitance in a widespread frequency band [15] . We also proposed a stretchable strain sensor. The strain sensor is thin and lightweight and stretches up to 200% [16] . The combination of the 3D printer and the flexible sensor provides rapid prototyping human interfaces. The shape and size of the interfaces are easily changeable for users' needs. In this study, rapid prototyping human interfaces using a stretchable strain sensor are proposed. A 3D printer forms parts of interfaces. The motion of the constructed interfaces is measured by the strain sensors. The strain sensors are attached to the interfaces and measure the distances between the parts. The outputs of the interfaces are calculated based on the distances. Three kinds of interfaces are evaluated through laboratory experiments. It is confirmed that the interfaces using the 3D printer and the strain sensor are effective.
Stretchable Strain Sensor
2.1. Structure. The stretchable strain sensor has three thin sheets of elastomer and two stretchable electrodes. Figure 1 shows the structure of the stretchable strain sensor. The three elastic sheets sandwich the two electrode sheets. About the layers of the elastomer, the top and bottom layers have a role to protect electrodes. The middle layer has a role to be a dielectric layer. The elastomer is flexible and light weight. The thickness of the three-layer stretchable strain sensor is approximately 150 m. The electrodes are made from carbon nanotubes [16] . The thickness of the electrode is less than 1 m. Figure 2 shows the prototype of the stretchable strain sensor. The black part is the electrodes.
Measurement Principle.
The stretchable strain sensor is assumed as a variable capacitor. Figure 3 shows the principle of the capacitance change of the strain sensor. The combination of the two electrodes and the sandwiched elastomer sheet builds a parallel plate type capacitor. The capacitance of the strain sensor depends on the area and thickness of the electrode's part (hereinafter referred to as "sensing part"). The capacitance of the strain sensor is given by where is the relative permittivity of the elastomer sheet, 0 is the permittivity in a vacuum, ℎ is the area of the sensing part, and is the thickness of the sensing part. If Poisson's ratio of the sheet is approximately 0.5, the volume of the sensing part is assumed to be an almost constant. When the strain sensor is stretched to -fold length in a single direction, the capacitance of the strain sensor is given by
The length and the capacitance of the strain sensor are in a linear relationship. Therefore, the length of the strain sensor is determined based on the capacitance. To confirm the relationship between the length and the capacitance of the strain sensor, a preliminary experiment was performed. Figure 4 shows the result of the relation between the capacitance of the strain sensor and the strain. The strain of natural length is 0%. Figure 4 shows that the length and the capacitance of the strain sensor are in a linear relationship. Table 1 and estimate length. The maximal error was 0.91. It shows that the strain sensor has highly precise estimation.
Rapid Prototyping Human Interface
To make human interfaces, the stretchable strain sensors are applied to objects formed by a 3D printer. The 3D printer forms parts of the interfaces. The size of human interface depends on the size of human hands. The 3D printer is rapidly able to form an optimum human interface based on the size of the user's hand. Here, we make three types of interfaces: a sheet-shaped interface, a sliding lever interface, and a tilting lever interface. Both terminals of the strain sensor are attached to the parts of the interfaces. The strain sensor measures the distance between the parts as the length of itself. The output of the interface is determined based on the length of the strain sensor.
Sheet-Shaped
Interface. The sheet-shaped interface comprises two frames formed by the 3D printer, one elastomer sheet, and the four strain sensors. Figure 5 illustrates the sheet-shaped interface. The frame is a 200 mm square and 5 mm in thickness. The elastomer sheet is 0.5 mm in thickness and is flexible and stretchable. The two frames sandwich the elastomer sheet and fix its periphery. The terminal of the strain sensor is attached to the frame, and the other terminal is attached to the center of the elastomer sheet. The four strain sensors are placed in the radial directions as shown in 
where , , are the three-dimensional displacement of the input part; the origin is placed at the center of the elastomer sheet. is the length of the th strain sensor. , , are coefficients for the square of the sensor's length and , , are constants. The coefficients and the constants are determined based on the data set composed of the threedimensional displacement of the input part and the lengths of the sensors by the least square method.
Sliding Lever Interface.
The sliding lever interface comprises one lever part, one housing part, and the four strain sensors. Figure 6 shows the structure of the sliding lever interface. The lever and the housing parts are formed by the 3D printer. The housing part is 170 mm wide and 30 mm high. The height of lever part is 90 mm. The terminal of the strain sensor is attached to the wall of the housing and the other terminal is attached to the root of the lever. The lever smoothly slides in -axis and -axis directions. In the same manner with the sheet-shaped interface, and are determined by (3) and (4).
Tilting Lever Interface.
The tilting lever interface comprises one lever part, two housing parts, and the four strain sensors. Figure 7 shows the structure of the tilting lever interface. The lever has a sphere shape at the lower part. The two housing parts sandwich the sphere. Therefore, the sphere rotates based on the tilting angle of the lever. The opposite end of the lever has a short projecting protrusion to attach the strain sensors. The other terminal of the strain sensor is fixed at the corner of the housing part. The coordinate axes for the interface are defined as shown in Figure 8 . The origin of the coordinate axes is the center of the sphere in the lever. The two angles of the interface are defined as shown in Figure 9 and are estimated as follows. The three-dimensional position of the lever's bottom end is estimated based on the lengths of the strain sensor using (3)- (5) . The relationship between the two angles, and , and the position of the bottom end is given by
where denotes the length between the bottom end and the center of the sphere. and are given by = cos
) .
4. Experiments
Experiment Flow.
Experiments were performed to evaluate the accuracy of the interfaces. Figure 10 shows the experimental apparatus and the sliding lever interface. The experimental apparatus mainly comprises a motorized stage and a PC. The PC has an analog-digital conversion board and obtains the length of the strain sensor based on the measured capacitance. The motorized stage displaces the interface 
Motorized stage
Sliding lever interface through the stage in -axis, -axis, and -axis directions. The precision of the displacement is 0.01 mm. The experimental flow is as follows. First, the data sets for calibration are obtained using the motorized stage. The coefficients and constants expressed in (3)- (5) are determined based on the data sets. Second, the motorized stage displaces the interface again. The PC estimates the outputs of the interface. The displacements of the motorized stage and the outputs of the interface are compared.
Sheet-Shaped
Interface. Figure 11 shows the prototype of the sheet-shaped interface. Although the natural length of the strain sensor is 46.5 mm, each strain sensor was attached to the elastomer sheet while being stretched to 62 mm. The displacements were −6.0, −3.0, 0, 3.0, and 6.0 mm in -axis and -axis directions and were 11.0, 16.5, and 22.0 mm inaxis direction. Therefore, the number of the displacements' combinations was 75. Figures 12-14 show the relationships between target and estimated displacements in -axis and Figure 11 : Prototype of sheet-shaped interface. -axis. In this paper, including graphs, target means true value measured by a motorized machine. Figure 15 shows the results in -axis. In addition, Table 2 shows maximal errors in each axis. Figure 16 shows the prototype of the sliding lever interface. The strain sensors were stretched to 77 mm and were attached to the root of the lever and the side of the housing part. After the calibration was performed, the lever was slided −12.0, −8.0, −4.0, 0, 4.0, 8.0, and 12.0 mm in -axis and -axis directions. Therefore, the number of the displacements' combinations was 49. Figures 17(a) and 17(b) show the relationships between target and estimated displacements in -axis and -axis. Table 3 shows maximal errors in each axis. Figure 18 shows the prototype of the tilting lever interface. The strain sensors were stretched to 70 mm and were attached to the bottom side of the lever part as shown in Figure 7 (b). The lever was tilted in the experiment. The angles of were 10 ∘ , 20 ∘ , and 26 ∘ . The angles of were 0 ∘ , 45 ∘ , 90 ∘ , 135 ∘ , and 180 ∘ . The number of the angles' combinations was 15. Figure 19 shows the relationships between target and estimated angles of and . Table 4 shows maximal errors of each angle. 
Sliding Lever Interface.

Tilting Lever Interface.
Discussion
The proposed interface has the sheet-shaped and the levershaped structures. They are fundamental structure for interfaces and have the ability to enhance personalized interfaces by changing the size and shape of the parts. Here, we discuss the accuracy of the fundamental interfaces. The sheet-shaped interface had small maximal errors in -axis and -axis in Table 2 . Because the strain sensor had a measurement error within 5%, the maximal errors inaxis and -axis were conceivable. On the other hand, the maximal error in -axis was 3.77 mm. Although the error of -axis is relatively large compared to the errors ofaxis and -axis, the range of -axis displacement is also large. We consider that a small range improves the error. The maximal errors of the sliding lever interface were as much as those of the sheet-shaped interface. The sliding lever interface used the four strain sensors for the estimate of the two-axis displacement. The number of the strain sensors was redundant and increased the accuracy of the estimate. The tilting lever interface had the large difference between the errors of and . The main reason of the difference was the difference of the angle range. In Figure 19 (b), the errors were almost constant in the whole range. The results of the three interfaces showed that the errors had no bias. Actually, the outputs of the interfaces against continuous input were smooth. This characteristic is effective for interface devices. The errors of the outputs mainly depended on the measurement errors of the strain sensor, which were shown in Table 1 . The rates of their errors to the output ranges were almost constant at 10%. To reduce the measurement errors, it is necessary to improve the composition and the circuit of the strain sensor.
Conclusion
The rapid prototyping human interfaces using the stretchable strain sensor were proposed. The parts of the interfaces were formed by the 3D printer, and it was easy to change their size and shape. The combinations of the parts and the four strain sensors produced the three interfaces: the sheet-shaped interface, the sliding lever interface, and the tilting lever interface. The rates of their errors to the output ranges were almost constant. The characteristic without bias is suitable for human interface devices. To improve the resolution of the interface's output, it is necessary to optimize the composition and the circuit of the strain sensor. In addition, the strain sensor is being applied to other interfaces, such as wearable interfaces.
